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Abstract Observed delays in the ground response to solar wind directional discontinuities have been
explained as the result of larger than expected magnetosheath propagation times. Recently, Samsonov et al.
(2017, https://doi.org/10.1002/2017GL075020) showed that the typical time for a southward interplanetary
magnetic ﬁeld (IMF) turning to propagate across the magnetosheath is 14 min. Here by using a combination
of magnetohydrodynamic simulations, spacecraft observations, and analytic calculations, we study the
dependence of the propagation time on solar wind parameters and near-magnetopause cutoﬀ speed.
Increases in the solar wind speed result in greater magnetosheath plasma ﬂow velocities, decreases in
the magnetosheath thickness and, as a result, decreases in the propagation time. Increases in the IMF
strength result in increases in the magnetosheath thickness and increases in the propagation time. Both
magnetohydrodynamic simulations and observations suggest that propagation times are slightly smaller
for northward IMF turnings. Magnetosheath ﬂow deceleration must be taken into account when predicting
the arrival times of solar wind structures at the dayside magnetopause.
1. Introduction
Solar wind parameters often change in a discontinuous manner, on time scales ranging from several seconds
to several minutes. Two large groups of solar wind discontinuities are interplanetary shocks and solar wind
directional discontinuities (DDs). Interplanetary shocks usually bring increases in the solarwinddynamic pres-
sure, but also change the interplanetarymagnetic ﬁeld (IMF)magnitude and orientation. Interacting with the
magnetosphere, interplanetary shocks signiﬁcantly disturb the magnetospheric magnetic ﬁeld, resulting in
sudden impulses in ground observations and sometimes initiating geomagnetic storms (see, e.g., Araki, 1994;
Kokubun et al., 1977; Nishida, 1992; Samsonov et al., 2015; Tsurutani et al., 2011, and a recent reviewofOliveira
& Samsonov, 2017).
Within the frameworkofmagnetohydrodynamics (MHD), solarwindDDscanbeeither tangential or rotational.
Since it is often diﬃcult to classify an observed solar wind discontinuity exactly as a tangential or rotational
one, we use the generalized term DD throughout this paper (e.g., Smith, 1973). DDs only occasionally change
the solarwinddynamic pressure, but they always change the IMForientation. Theymaybemore geoeﬀective,
if they change the sign of the IMF Bz . Southward IMF turnings cause the sign of Bz to change from positive
to negative, while northward IMF turnings have the opposite eﬀect. Southward IMF turnings provide optimal
conditions for reconnection on the dayside magnetopause and magnetic ﬂux transfer to the magnetotail
(Dungey, 1961). Northward IMF turnings may trigger magnetospheric substorms (Hsu & McPherron, 2003,
and references therein).
The motion of interplanetary shocks through the magnetosheath and outer magnetosphere has been rea-
sonably well reproduced by MHD simulations (Andréeová, 2009; Goncharov et al., 2015; Koval et al., 2005;
Koval, S˘afránková, Ne˘mec˘ek, Samsonov, et al., 2006; Samsonov et al., 2006, 2007). Fast forward shocks require
only 1–2 min to cross the magnetosheath along the Sun-Earth line. Shock speeds in the magnetosheath are
slightly lower than those in the solar wind (Koval et al., 2005; Koval, S˘afránková, Ne˘mec˘ek, & Pr˘ech, 2006).
The interaction of a solar wind tangential discontinuity with the bow shock can transmit a fast forward
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the tangential discontinuity (Maynard et al., 2007; Völk & Auer, 1974; Wu et al., 1993). However, this shock
(rarefaction wave) is weak for small or moderate density changes and completely disappears for solar wind
discontinuities with constant density (Wu et al., 1993).
Previous studies (e.g., Bhaskar & Vichare, 2013; Ridley et al., 1998; Ruohoniemi & Greenwald, 1998; Saunders
et al., 1992; Taylor et al., 1998; seemore references in Samsonov et al., 2017) determined that the delay from a
solar wind DD reaching the subsolar bow shock to the ﬁrst response in groundmagnetometers or radars is on
the order of 10–16min. Samsonov et al. (2017) recently used anMHD simulation to study a DD accompanied
by a southward turning and showed that the DD propagation time through the magnetosheath was 14 min
in good agreementwith the ground response seen in changes of the Polar CapNorth (PCN) index (Troshichev
et al., 2006). Samsonov et al. (2017) noted a signiﬁcant deceleration of the DD as it approached the magne-
topause. The IMF was northward before the DD, and a magnetic barrier (Pudovkin, 1987) formed near the
magnetopause. When the discontinuity with a southward IMF turning moved earthward through the mag-
netosheath, the magnetic barrier was disrupted via magnetic reconnection. The southward turning reached
the magnetopause only after a complete dissipation of the magnetic barrier. Finally, it takes only about 1
min from the contact of the DD with the subsolar magnetopause to the ﬁrst ground (ionospheric) response.
During the same event, Samsonov et al. (2017) noted a sunward motion of the subsolar magnetopause for
∼10min before the DDhad reached themagnetopause. Their MHD simulation showed that the dissipation of
themagnetic barrier caused bymagnetosheath reconnection gradually decreases the total pressures applied
to the magnetopause thus resulting in the sunward magnetopause motion.
This paper builds upon thework of Samsonov et al. (2017) and investigates which parameters aﬀect themag-
netosheath propagation time.Wewill useMHD simulations with the solar wind conditions similar to the ones
in Samsonov et al. (2017) but also simulated several artiﬁcial events and ﬁnally compare the numerical results
with observed time delays in the ground response to solar wind DDs.
2. Flow Deceleration in the Magnetosheath
Weuse the SpaceWeatherModeling Framework globalMHDmodel (Tóth et al., 2005, 2012) available through
Community Coordinated Modeling Center (CCMC) runs on request to conduct our simulations. The grid
spacing in the dayside magnetosheath was 0.125 RE .
For the solar wind input conditions, we use THEMIS B observations of the event on 7 August 2008 studied
by Samsonov et al. (2017). We modify the original THEMIS data, shown in Figure 1, to keep all plasma param-
eters (i.e., density and velocity) constant and equal to values before the DD, leaving only the IMF By and Bz
components to change. In this MHD run (called run 1 below), the solar wind density at the inﬂow boundary
is 3.26 cm−3, Vx = −346 km/s, and Bx = 0. We study the propagation of the DD with a southward turning
marked by the red dashed line in Figure 1. Samsonov et al. (2017) found that the normal of the DD is directed
along the Sun-Earth line, and it may be either a tangential or a rotational discontinuity.
We determine positions of the DD in the magnetosheath by two methods: ﬁrst, using the maximum of the
electric current density |j| (j = (∇ × B)∕𝜇0) and second, ﬁnding the position where Bz = 0 (since the IMF Bz
changes from+3 to−2nTat theDD front). Bothmethodsgive almost the same resultswith anaccuracy limited
only by the ﬁnite spatial resolution. We also use three diﬀerent methods to ﬁnd the subsolar magnetopause:
ﬁrst, as themaximum in |j|, second, as the boundary between open and closed ﬁeld line topologies, and third,
using the condition Vx = 0. Again, the three methods give nearly identical values limited mainly by the grid
resolution. We illustrate results of thesemethods and discuss the role of spatial resolution in Appendix A. The
bow shock position is given only by a maximum in |j|.
Figure 2a shows simulation predictions for variations of the magnetopause, DD, and bow shock positions
during the 15-min interval in which the DD crosses the magnetosheath. The magnetopause position varies
only slightly, moving on average 0.2 RE sunward during the interval. The bow shock position almost does not
change, and theDD crosses themagnetosheathwith a gradually decreasing speed. Both the sunwardmagne-
topause motion and the DD deceleration near the magnetopause conﬁrm the previous results of Samsonov
et al. (2017). The DD imposed at the upstream numerical boundary (x = 32RE) at 19:25 UT crosses the bow
shock at 19:30 UT and reaches the magnetopause at ∼19:44 UT. As the DD speed falls to about 10–20 km/s
at that time and the distance between the DD and magnetopause decreases to several hundred kilometers,
we cannot determine exactly the time of interaction between the DD and magnetopause. The spatial scale
SAMSONOV ET AL. 3728
Journal of Geophysical Research: Space Physics 10.1029/2017JA025174
Figure 1. The solar wind density, dynamic pressure, IMF By , and Bz observed by THEMIS B. Dashed vertical line marks
the southward turning at 19:25 UT.
becomes too small for a 3-D global MHDmodel and approaches the accuracy limit forMHDmodels. However,
this time estimate agrees well with real ground and spacecraft observations, in particular, the polar cap index
increases after 19:45 UT (Samsonov et al., 2017).
There is another way to ﬁnd the DD propagation time between the subsolar bow shock and magnetopause.
We assume that the DDpropagates with the ﬂow velocity. This is exactly correct for tangential discontinuities,
while rotational discontinuities move with the Alfvén velocity with respect to plasma ﬂow, that is, slightly
faster than tangential discontinuities. Using the velocity proﬁle along the Sun-Earth line at 19:30 UT, when
the DD is slightly upstream from the bow shock, we calculate the positions of an imaginary particle moving
Figure 2. (a) Magnetopause (triangles), directional discontinuity (stars), and bow shock (squares) positions at the
Sun-Earth line as functions of time. Red color indicates positions determined by maximal |j|, black triangles mark the
magnetopause as the boundary between open and closed ﬁeld lines, green triangles mark position Vx = 0, blue stars
indicate the DDs determined from Bz = 0. (b) Positions of the DD determined by maximal |j| (black triangles) and
calculated from the initial Vx proﬁle (red line). Vertical dashed lines indicate magnetopause and bow shock positions. DD
= directional discontinuity.
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Figure 3. The same parameters as in Figure 2, but for a stronger IMF (the IMF Bz varies through the DD from +10 to
−10 nT; run 2). IMF = interplanetary magnetic ﬁeld. DD = directional discontinuity.
with the ﬂow speed. Figure 2b shows both theDDpositions determined frommaximal |j| (black triangles) and
motion with the ﬂow speed calculated from the quasi-stationary proﬁle at 19:30 UT (red line). Both positions
coincide with the accuracy limited by the grid resolution; thus, the DD moves with the same speed as the
plasma ﬂow, as expected for a tangential discontinuity.
Wehavemade twoother runs forDDswith diﬀerent IMFmagnitudes or solarwind speeds. In run 2, the plasma
parameters were taken the same, but IMF Bz varied from +10 to −10 nT. Thus, the solar wind Alfvén Mach
number in run 2 was 2.7, that is, signiﬁcantly lower than ∼5.7 in run 1. Figure 3 shows the DD propagation
in this run. The magnetosheath width increases to 8.5 RE in comparison to 4.8 RE in run 1; however, the time
required for the DD to cross themagnetosheath is only∼2min longer. The DD crosses the bow shock at 19:29
UT (1min before the time in run 1) and reaches themagnetopause nearly at 19:45 UT (1min later). We should
mention again that the time for the magnetopause crossing cannot be determined exactly. We assume that
the DD reaches the magnetopause when the distance between the two boundaries decreases to about one
grid spacing. We will discuss this below.
In run 3 (not shown), we simulate a DDwith the same variation in Bz as in run 1, but with a constant solar wind
Vx equal to 800 km/s. Themotion of theDD from thebow shock to themagnetopause is qualitatively the same
as in runs 1–2 (motion with the plasma speed), but the magnetosheath width decreases to 2.7 RE , while the
propagation time is only 6 min. Thus, a high solar wind speed signiﬁcantly decreases the propagation time.
The discussion above shows that the magnetosheath propagation time of DD can be calculated using the
initial (not disturbed by DD front) velocity proﬁle along the Sun-Earth line. Below we discuss parameters that
inﬂuence the propagation time delay.
3. Velocity Proﬁles at the Sun-Earth Line
Figure 4a shows Vx proﬁles along the Sun-Earth line for runs 1 and 2. The proﬁles were taken at 19:30 (run 1)
and 19:27 (run 2) UT, before the DD crossed the bow shock. Small values for the solar wind Vy and Vz (17 and
18 km/s) do not play a role in the earthward motion of the DD. In run 1, the magnetopause and bow shock
positions are at 12.2 and 17.0 RE . The solar wind speed decreases sharply across the bow shock, but then
varies nearly linearly from a postshock value V1 to zero at the subsolar magnetopause. There is a thin layer
with a small positive Vx just earthward of themagnetopause, and the speed remains very small in the dayside
magnetosphere closer to the Earth.
In run 2 with a larger IMFmagnitude, the velocity proﬁle looks slightly diﬀerent. Themagnetopause and bow
shock are located at 11.2 and 19.7 RE ; therefore, themagnetosheath thickness is 3.7 RE larger than in run 1. The
postshock value (V1) is greater, and Vx does not change linearly through the magnetosheath: the gradient is
stronger near the magnetopause. The thermal and magnetic pressure proﬁles along the Sun-Earth line (not
shown) in run 2 diﬀer both quantitatively and even qualitatively from those in run 1, but a detailed study of
the eﬀects of strong IMF (for low plasma beta) on the magnetosheath parameters lies outside the scope of
the present work.
Quasi-linear dependences of Vx on x between the subsolar magnetopause and bow shock have been seen
in other MHD simulations (e.g., Erkaev et al., 1999; Samsonov & Pudovkin, 2000; Wang et al., 2004; Wu, 1992).
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Figure 4. (a) Velocity proﬁles along the Sun-Earth line before the DD interaction with the bow shock in runs 1 (black)
and 2 (red). V0 and X0 indicate the cutoﬀ velocity and the corresponding coordinate near the magnetopause (see details
in text). V1 indicates the velocity downstream of the bow shock. (b) The magnetosheath propagation time as a function
of the cutoﬀ velocity calculated from the velocity proﬁles in runs 1 (black) and 2 (red).
According to the pioneeringmagnetosheath simulation (Spreiter et al., 1966), the stagnation pointwithV = 0
occurs at the subsolar magnetopause. Below, we estimate themagnetosheath propagation time considering
an ideal velocity proﬁle with a linear speed decrease from V1 just downstream from the bow shock to V0 very
close to the magnetopause.










V0(1 − 𝛼) + V1𝛼
, (1)
where T is themagnetosheath propagation time, XBS and XMP are bow shock andmagnetopause coordinates,
and 𝛼 = (X − XMP)∕(XBS − XMP). Then we get
T =
(XBS − XMP)












Assuming a linear Vx proﬁle, we ﬁnd that T depends only on the magnetosheath thickness, postshock, and
cutoﬀ velocities (V1 and V0). The magnetosheath thickness and V1 can be calculated from the upstream solar
wind parameters. The cutoﬀ speed V0 does not have a straightforward deﬁnition. In MHD theory, V0 for a
southward IMF case can be obtained from the reconnection velocity (estimated as∼0.1 VA, where VA is Alfvén
speed near the subsolar magnetopause), but V0 = 0 for a northward case when reconnection occurs behind
the cusps. However, substituting V0 = 0 gives inﬁnite propagation times in (2). This is a stationary MHD
solution, but in reality the magnetopause is always in motion with a typical speed of about 10–20 km/s
(e.g., Kaufmann & Konradi, 1973; Paschmann et al., 1993; Phan & Paschmann, 1996). According to Paschmann
et al. (1993), the normal magnetopause speed even in low magnetic shear cases does not fall below 3 km/s.
Using the velocity proﬁles in runs 1 and 2 in Figure 2a, we calculate themagnetosheath propagation times as
functions of V0. Figure 4b shows these results.
Each star in Figure 4b corresponds to a grid point in the magnetosheath with V0 between 4 and 50 km/s. The
corresponding propagation times vary between 4 and 14.7min in run 1, and between 8 and 17.2min in run 2.
The smallest velocity corresponds to the grid point closest to themagnetopause. Assuming V0 = 10 km/s, we
get 11.4 and ∼14.4 min in runs 1 and 2, respectively. The propagation times obtained for V0 between 4 and
10 km/s agree better with both previous observations cited by Samsonov et al. (2017) and the data analysis
in section 5.
There are two limitations in the numerical MHD simulations. The ﬁrst is the ﬁnite spatial resolution: the grid
spacing in the subsolar magnetosheath was ∼800 km in these particular runs. The second is the intrinsic
limitations of the MHD approach, for example, that the spatial scale must be larger than the proton gyrora-
dius. The latter distance is about 1 order of magnitude smaller near themagnetopause than the grid spacing.
By higher-resolution grids, we could possibly decrease V0 and increase the propagation time. However, it
does not make much sense because the propagation times in the presented simulations agree well with the
observed time delays discussed in section 5.
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Figure 5. (a) Subsolar magnetosheath thickness as a function of the solar wind speed (black line = Ch02 model; blue =
FR94 model; long-dashed green = CG94 model; red = J05 model). (b) Magnetosheath thickness as functions of IMF Bz
(solid lines) and By (dashed lines) for the same models. Magnetosheath thickness as functions of IMF Bz for CG94 model
shown by the long-dashed green line. IMF = interplanetary magnetic ﬁeld.
4. Propagation Time as a Function of Solar Wind Parameters
According to (2), themagnetosheath propagation time depends on V0, V1, and themagnetosheath thickness
ΔSH (distance between the subsolar bow shock andmagnetopause). In turn, both V1 andΔSH depend on solar
wind parameters. Immediately downstream of the bow shock nose, V1 is the solar wind speed divided by the
compression ratio through the bow shock, and the compression ratio can be expressed in terms of the solar











Here VSW is the solarwind speed,Mf is the fastmagnetosonicMach number (see comments onMach numbers
in Formisano et al., 1971), and 𝛾 is the ratio of speciﬁc heats.
The magnetosheath thickness can be estimated using rather semiempirical expressions or empirical bow
shock and magnetopause models. Using aerodynamic results, Spreiter et al. (1966) suggested an empirical








However, it follows thatΔSH = 1.1XMP forMf = 1 while the physically correct behavior isΔSH →∞. Therefore,









Cairns & Grabbe, 1994 (1994, CG94), also using Spreiter et al., 1966’s (1966) relation between the shock jump
conditionand themagnetosheath thickness, suggestedother expressions forΔSH thatpredict nearly the same
bow shock positions as FR94 model for typical solar wind conditions, but diﬀer from FR94model for stronger
than usual IMF magnitudes.
Using spacecraft observations, a numberof empiricalmagnetopause andbowshockmodels havebeendevel-
oped. In addition to the FR94 and CG94 models, we calculate ΔSH using recent bow shock models of Chao
et al., 2002 (2002, Ch02) and Jeráb et al., 2005 (2005, J05), and Shue et al. (1998)’s model for position of the
subsolar magnetopause.
We assume that the magnetosheath propagation time depends mainly on the solar wind speed and IMF
magnitude and direction. The inﬂuence of the solar wind density and temperature on the magnetosheath
thickness, V0 and V1 is supposed to be less signiﬁcant. Figure 5 shows themagnetosheath thickness as a func-
tion of the solar wind speed and IMF Bz (and By) magnitude using the Ch02 (black), FR94 (blue), and J05 (red)
models with 𝛾 = 5∕3.
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Figure 6. (a) Magnetosheath propagation time as a function of the solar wind speed (blue = FR94 model; red = J05
model). (b) Magnetosheath propagation time as a function of interplanetary magnetic ﬁeld Bz for the same models.
We use Shue et al., 1998’s (1998) model to obtain the position of the subsolar magnetopause in the FR94,
CG94, and Ch02 models, while the magnetopause distance was calculated from the pressure balance in the
J05 model. Using the J05 bow shock model in combination with the Shue et al., 1998’s (1998) magnetopause
model gives the same dependence qualitatively but the magnetosheath thickness diminishes by about 1.5
RE , because the J05 model tends to underestimate the standoﬀ position of the subsolar bow shock. Recent
studies show that Shue et al., 1998’s (1998) model overestimates the radial distance to the high-latitudemag-
netopause (Case&Wild, 2013) but slightly underestimates the radial distance to the subsolar point (Samsonov
et al., 2016).We employ the Shue et al. (1998)model because it is simple, widely used throughout the scientiﬁc
community, and qualitatively reproduces known dependences on solar wind parameters quite well.
We should mention that several analytical models for the magnetosheath plasma ﬂow and/or magnetic ﬁeld
have been developed (Génot et al., 2011; Kobel & Flückiger, 1994; Romashets et al., 2008; Soucek & Escoubet,
2012), which provide quasi-stationary solutions using predeterminedmagnetopause and bow shock shapes.
We do not use these models here because we study a nonstationary problem and obtain velocity and
magnetic ﬁeld distributions in the magnetosheath from global MHD simulations.
We do not intend to compare the accuracy of the diﬀerent models in this paper (e.g., using higher 𝛾 may
improve predictions in some bow shock models) but only want to illustrate the fact that the dependences
of ΔSH on VSW, Bz , and By are similar for all models. The magnetosheath thickness decreases as VSW increases
and increases as the magnitudes of both Bz and By increase. This agrees with expectation based on previous
numerical studies (Farrugia et al., 1995). Since the models predict very similar dependencies on Bz and By
(except diﬀerences caused by large negative Bz), it seems that the magnitude of the IMF in the Y-Z plane is
more important than the IMF orientation forΔSH.
Figure 6 shows themagnetosheath propagation time calculated from (2) as a function of the solar wind speed
and IMF Bz for the FR94 and J05 models. We vary only one selected solar wind parameter and keep others
constant. The value forV1 is obtained from (3), andV0 = 5 km/s. Note that varyingVSW we takeNSW = 3.3 cm−3,
Bx = 0 nT, By = −2.6 nT, and Bz = 3.1 nT, while varying Bz we take VSW = 346 km/s consistent with the
solar wind parameters upstream of the DD on 7 August 2008. For the given parameters, the magnetosheath
propagation time varies between 4 and 15 min for solar wind speeds between 300 and 700 km/s. If |Bz| (or
|By|) is less than 10 nT, variations of the IMF magnitude slightly change the propagation time (by no more
than several minutes). However, for a strong IMF |B|> 10 nT (and a relatively low speed as mentioned above)
the propagation time signiﬁcantly increases and may exceed 30 min.
Another way to calculate the magnetosheath propagation time is to use the velocity proﬁle along the
Sun-Earth line obtained fromMHD simulations. We have made two simulation runs varying either solar wind
Vx or Bz and keeping constant all other parameters. We change Vx or Bz in a step-like function and then keep
constant all solar wind parameters throughout a half-hour interval until a new quasi-stationary solution is
obtained. We use velocity proﬁles so obtained to calculate the propagation time.
Figure 7 shows the velocity proﬁles along the Sun-Earth line for Vx = 300, 450, and 600 km/s (with By = 2
and Bz = 4 nT), and Bz = −20, −10, 0, 10, and 20 nT (with Vx = −400 km/s), as obtained from the global
MHD simulation. For typical IMF conditions, Vx varies nearly linearly between the magnetopause and bow
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Figure 7. (a) Velocity proﬁles along the Sun-Earth line for VSW = 300 (blue), 450 (long-dashed green), and 600 (red) km/s
(with Bz = 4 nT). (b) Velocity proﬁles for Bz = −20 (red solid), −10 (red dashed), 0 (long-dashed green), 10 (blue dashed),
and 20 (blue solid) nT (with VSW = 400 km/s).
shock as noted above. But for Bz = −20,−10, and 20 nT, it becomes clear that the speed decreases faster near
the magnetopause, which is probably related to the stronger magnetic ﬁeld. From Figure 7b, we can infer
that V0 is larger for southward IMF, and there is a sunward ﬂow in the outer magnetosphere possibly related
to the global magnetospheric convection. The magnetosheath thickness increases with decreases of Vx and
increases of |Bz| as mentioned above.
Figure 8 shows themagnetosheath thickness and propagation times as functions of the solar wind speed and
Bz , as obtained from the MHD models. Triangles indicate results obtained directly from the velocity proﬁles
in the MHD simulations, solid lines are calculated from (2) with V0 = 5 km/s (taking the same simulated mag-
netosheath thickness), and the dashed line is calculated from (2) but for V0 = 20 km/s. In the simulation, we
take the cutoﬀ velocity at a point near to, but greater than 5 km/s. As we show below, this method to deter-
mine the cutoﬀ velocity results in a large scatter of V0 for diﬀerent velocity proﬁles. This is a consequence of
the ﬁnite spatial resolution; therefore, V0 may vary between 5 and 20 km/s. The scatter in V0 results in the scat-
ter in the propagation times obtained from the velocity proﬁles (triangles in Figures 8c and 8d), especially for
southward IMF because the |Vx| gradient may increase sharply near the magnetopause in this case.
The results in Figures 8a and 8b are qualitatively similar to the results in Figure 5 and show a decrease in the
magnetosheath thickness from 4.2 to 2.3 RE as Vx increases from 300 to 700 km/s. Figure 8b shows that ΔSH
increases from 3.0 to 9.5 (9.6) RE for Bz varying from 0 to −20 (+20) nT. Correspondingly, the magnetosheath
propagation time decreases from16.2 to 6.7min as the solar wind velocity increases. Figure 8d shows that the
propagation time is smallest (7.7min) for Bz = −4 nT and increases to 12.6min for Bz = −20 nT and to 18.0min
for Bz = 20 nT. Thus, the two diﬀerent methods in Figures 6 and 8 consistently predict that propagation
times increase with decreasing Vx and increasing |Bz|. Some quantitative diﬀerences are related to diﬀer-
ences in other solar wind parameters (e.g., the solar wind speed is higher for the simulations in Figure 8d than
in Figure 6b).
This section discussed parameters that determine magnetosheath propagation times. Increases in the solar
wind ﬂow speed result in increases in the average magnetosheath ﬂow speed and decreases in the magne-
tosheath thickness. Both factors lead to decreases in the propagation time. Increases in the magnetic ﬁeld
magnitude (|Bz| in our case) result in increases in the magnetosheath thickness and corresponding increases
in the propagation time.
5. Timing the Response to Directional Discontinuities Seen in Ground
Observations
To conﬁrm our numerical predictions, we now consider observations deﬁning the response to solar wind DD
seen in ground data. We have chosen 35 events with both northward and southward IMF turnings observed
by the Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft, probes
THEMIS B and THEMIS C, in the solar wind about 10–15 RE upstream of the bow shock. We select events with
steady Bz during 15–20 min before and ≥5 min after the passage of the discontinuity front. The duration of
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Figure 8. The magnetosheath thickness (top panels) and propagation times (bottom) as functions of the solar wind
speed and interplanetary magnetic ﬁeld Bz . Triangles indicate results obtained directly from the velocity proﬁles, the
solid lines are calculated from (2) with V0 = 5 km/s, the dashed line is also calculated from (2) but for V0 = 20 km/s. (left)
Dependence on the solar wind speed with Bz = 4 nT, (right) dependence on the IMF Bz with VSW = 400 km/s.
the discontinuities must not exceed 2 min, and the jump of Bz must exceed 2 nT. The geomagnetic activity in
all events was low, that is, without magnetic storms or strong substorms.
The time of the ground response has been determined from variations in the PCN index: the PCN index
increases in response to southward IMF turnings and decreases in response to northward turnings. We calcu-
late the timedelays of the ground response relative to the timewhen theDD should interactwith the subsolar
bow shock. We take into account the positions of THEMIS and the orientations of the DD fronts. We exclude
very tilted DD fronts from our database. The angle between the DD normal and the Sun-Earth line is less than
45∘ for 60% of the DDs, and the angles for the rest lie between 45 and 61∘.
Figure 9 shows the time delays as a function of the solar wind speed. The red line represents an exponential ﬁt
to all points. In general, theobservations conﬁrm that the timedelaydecreaseswith increases in the solarwind
speed. Moreover, the results in Figure 9 quantitatively agree with the simulation results shown in Figure 8. In
particular, as indicated by the red line, the time delay of 15 min corresponds to the speed of 300 km/s, while
7 min corresponds to 600 km/s. The numerical results for the magnetosheath propagation time in Figure 8
give nearly the same values. Note that Figures 8 and 9 actually show diﬀerent times, the ﬁrst is the magne-
tosheath propagation time, and the second is the time delay of the ground response. However, we follow the
suggestion of Samsonov et al. (2017) that the time interval from the DD interaction with the magnetopause
to the ﬁrst ground response is small (only about 1–2 min). This time is related to the time of propagation of
Alfvén wave from the magnetopause to the ionosphere, which is about 1 min.
Despite the good agreement between the observed time delays and simulation results, the scatter in Figure 9
is very large. We explain this by two factors. First, as noted above, the solar wind speed is not the only param-
eter that determines the magnetosheath propagation time. As we have noted, another parameter is the IMF
magnitude. Second, we have shown that variations in the near-magnetopause cutoﬀ speed V0 may change
the propagation time and we have no reliable method to take this eﬀect into account now.
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Figure 9. Time delays of ground response to both southward and northward interplanetary magnetic ﬁeld turnings
counted from the contact of directional discontinuities with the subsolar bow shock. The red line represents the least
squares ﬁt.
The average time delay obtained for all DDs in Figure 9 is 12.8 min. The DDs with northward turnings show
an average delay of 11.8 min, while the DDs with southward turnings show an average delay of 13.9 min.
The northward turnings correspond to initial southward IMF conditions; therefore, time delays in such events
may be smaller because of larger V0. Taking into account the large scatter in the observed time delays, the
diﬀerence about 2 min between the average northward and southward delays is nearly insigniﬁcant; how-
ever, it agrees with the MHD simulations in Figure 8d, which show larger propagation times through the
magnetosheath for quasi-stationary velocity proﬁles during northward IMF intervals.
6. Discussion and Conclusions
We studied the interaction of solar wind directional (both tangential or rotational) discontinuities with the
Earth’s magnetosphere. Previous observations indicated delays in the ground (ionospheric) response to dis-
continuities with southward or northward turnings. We found that the average time delay from the contact
of DD with the subsolar bow shock to the ground response is 13 min. Although there is a large scatter, this
estimate agrees with previous results. The time delays in our statistics vary from 4.5 to 33 min mainly due to
diﬀerent solar wind conditions.
Recently, Samsonov et al. (2017) considered an event with a southward IMF turning on 7 August 2008 and
explained the observed time delay in the ground response in terms of a large magnetosheath propagation
time. Using global MHD simulations, they showed that it took about 14min for the solar wind DD to cross the
subsolar magnetosheath. Samsonov et al. (2017) noted that a steady northward IMF before the DD results in
the formation of the magnetic barrier near the magnetopause and this magnetic barrier must be completely
destroyed by magnetic reconnection at the DD front before the discontinuity can reach the magnetopause.
High-speed reconnection jets in the magnetosheath originating at narrowing DD current layers were pre-
viously simulated and observed by Maynard et al., 2002 (2002, 2007) and Phan et al. (2007). However, the
magnetic barrier may be evacuated from the subsolar region both by magnetic reconnection and by accel-
erated ﬂows in front of the magnetopause in the direction perpendicular to magnetic ﬁeld lines. We checked
the latter assumption in Appendix B.
This paper continues the study of Samsonov et al. (2017) by investigating which parameters inﬂuence the
propagation times of solarwindDDs traversing themagnetosheath.We ﬁrst show that theDDmoves through
the magnetosheath with the ﬂow velocity in MHD simulations. Therefore, we can ﬁnd magnetosheath prop-
agation times by integrating speeds from the bow shock to the magnetopause. Expression (2) contains three
parameters that determine the propagation time, they are the magnetosheath thickness ΔSH, the speed
immediately downstreamof thebowshockV1, and the speed immediately upstreamof themagnetopauseV0.
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BothΔSH and V1 depend on solar wind conditions. We select two solar wind parameters, the solar wind speed
and IMF Bz , which should have strong eﬀects on propagation times. Indeed, the simulations show that the
propagation time increases from about 5 to 16 min when the speed decreases from 700 to 300 km/s. Nearly
the same values were obtained from observations of the ground response shown in Figure 9.
Although we consider only IMF Bz in detail, we believe that the IMF magnitude in the Y-Z plane rather than
the sign of Bz is themost important factor. Larger IMFmagnitudes result in largermagnetosheath thicknesses,
and as a result in larger propagation times. Our results suggest that the IMFmagnitude signiﬁcantly inﬂuences
the propagation time for a strong magnetic ﬁeld, for example, for |B|> 10 nT. The MHD simulation shows
that the sign of Bz may also inﬂuence the propagation time. The propagation time is somewhat shorter for
a southward IMF (prior to the DD) than for a northward IMF with the same magnitude. We suggest that this
eﬀect comes into play via another parameter V0, the speed at the subsolar magnetopause.
If themagnetopause is a tangential discontinuity, hydrodynamic andMHD solutions (e.g., Spreiter et al., 1966)
predict a stagnation point in the subsolar region where the speed falls to zero. However, magnetopause
reconnectionmay result in plasma penetration through the daysidemagnetopause and rapid acceleration of
plasma andmagnetic ﬁelds away from the subsolar point along the surface of the magnetopause. Moreover,
the magnetopause usually moves with a speed of about 10–20 km/s, leading us to expect that the condition
V = 0 never occurs in the magnetosheath. For the given typical solar wind conditions, the propagation time
decreases from 15 to 4 min as V0 increases from 4 to 50 km/s. Reasonable estimates for the propagation time
suggest V0 about 5 km/s for northward IMF and about 20 km/s for southward IMF.
We compared Vx proﬁles along the Sun-Earth line in theMHD simulations for stationary northward and south-
ward IMF conditions (not shown) and found that the average Vx through the subsolar magnetosheath is
129 km/s for northward IMF and 164 km/s for southward IMF. This agrees with the larger V0 and shorter prop-
agation time for southward IMF mentioned above. The smaller average velocity for northward IMF can be
explainedby the fact that themagnetic ﬁeld strength near themagnetopause is larger and theAmpére’s force
pushes plasma away from the subsolar region.
At the same time, we obtain a large scatter extracting the propagation time from the MHD simulations for
southward IMF, while the diﬀerence between the average time delays for northward and southward IMFs
obtained fromobservations (∼2min) is almost the same as the accuracy of the time delay determination. This
prevents us frommaking any ﬁrm conclusions comparing positive and negative Bz cases, and we postpone a
detailed physical explanation of V0 for the future.
Summarizing this paper, we emphasize that ﬂow deceleration in the magnetosheath must be taken into
account when estimating propagation times for solar wind structures from the Lagrangian point to the
subsolar magnetopause. Assuming that the solar wind structures move with the solar wind speed through
the magnetosheath up to the magnetopause may result in signiﬁcant underestimations of the propagation
time. We believe that the conclusions of our paper are valid not only for tangential discontinuities (with
sharp changes of IMF orientation as shown above), but for all solar wind structures convected with the solar
wind speed.
We summarize the most important points below.
• DDs decelerate in the magnetosheath, leading to delayed ground responses to their arrival.
• The average time delay from the contact of DDwith the subsolar bow shock to the ground response is about
13 min.
• This time delay depends on the solar wind speed and IMF magnitude and slightly changes with the IMF Bz
polarity, being slightly smaller for a strong negative Bz on the leading edge of DD.
• The principal factor determining the time delay is the velocity proﬁle through the magnetosheath, that in
turn is inﬂuenced by magnetopause reconnection.
Appendix A: Diﬀerences in Magnetopause Locations
Wehaveused three diﬀerentmethods to ﬁnd the subsolarmagnetopause: ﬁrst, as themaximum in |j|, second,
as the boundary between open and closed ﬁeld line topologies (using CCMC intrinsic routines), and third,
using the condition Vx = 0. To illustrate how thesemethods work, Figure A1 presents Vx and |j| proﬁles along
the Sun-Earth line: (1) for northward and southward IMF, (2) for typical and strong IMFmagnitudes. The ﬁgure
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Figure A1. (left) Vx (black) and |j| (red) proﬁles along the Sun-Earth line for southward (top) and northward (bottom)
IMF for typical solar wind parameters (conditions as in event 7 August 2008 before DD); (right) the same parameters in a
strong IMF case (Bz = −10∕ + 10 nT). Vertical dashed lines indicate the boundary between open and closed ﬁeld lines
calculated for the CCMC runs. DD = directional discontinuity; IMF = interplanetary magnetic ﬁeld; CCMC = Community
Coordinated Modeling Center.
displays diﬀerences inmagnetopause locations determined by the threemethods and shows how these vary
in response to IMF Bz sign and magnitude.
The ﬁgure demonstrates that (1) the open-closed ﬁeld line boundary nearly coincideswith the positionwhere
Vx = 0 in all cases; (2) the location where |j| maximizes may be slightly farther from the Earth than the posi-
tions determined by the two othermethods, but not bymore than 0.5 RE ; that is, the diﬀerence is comparable
to the grid resolution; (3) for a strongly northward IMF it can be diﬃcult to determine themagnetopause posi-
tion from the maximum in |j|, but we use Vx proﬁles to determine the magnetopause in such cases. Finally,
the magnetopause lies closer to the Earth for southward IMF than for northward IMF, as expected when
magnetopause reconnection is occurring.
To illustrate theeﬀect of spatial resolutiononmagnetopause location,we compare results from twoother runs
with high (Δ = 1∕8 RE) and low (Δ = 1∕4 RE) resolutions for a strong southward IMF case. Figure A2 shows the
corresponding Vx and |B| proﬁles in the both runs. Enhanced resolution results in (1) sharper magnetopause
and bow shock discontinuities and (2) a slight decrease in the distance to the subsolar point which is possibly
Figure A2. (top) −Vx and (bottom) |B| proﬁles along the Sun-Earth line in high (black) and low (red) spatial resolution
runs for strong southward interplanetary magnetic ﬁeld intervals.
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Figure B1. The diﬀerences in Vy(y) and Vz(z) proﬁles at 19:33 (blue), 19:35 (green), and 19:35 (red) UT with respect to
initial Vy and Vz at 19:30 UT before the directional discontinuity crossing of the bow shock. The Vy(y) proﬁle is along a
straight line with x = 13RE and z = 0 (top), and the Vz(z) proﬁle is along a line with x = 13 RE and y = 0 (middle). At the
Sun-Earth line, point x = 13 RE is only 1 RE upstream of the magnetopause. The bottom panel shows the electric current
density as a function of z.
related to the sharper discontinuity fronts. Sowe deduce that changes in spatial resolution do not change our
conclusions.
In the same two runs, we compare velocity distributions in the noon-meridional plane (not shown). The
ﬂow velocity drops to nearly zero at the subsolar magnetopause and increases both northward and south-
ward along the magnetopause ﬁnally exceeding the solar wind value. This is a signature of magnetopause
reconnection. The velocity grows slightly faster in the high-resolution run.
Appendix B: The Role of Magnetic Reconnection in Decay of theMagnetic Barrier
In this supplementary section we check whether the magnetic barrier in front of the magnetopause is
destroyed mainly by magnetic reconnection at the DD front. If the magnetic barrier is removed by magnetic
reconnection, the ﬂow speedwill increase in thedirection alongmagnetic ﬁeld, that is, along z axis. If themag-
netic ﬁeld lines upstream of the magnetopause are carried away solely by the accelerated magnetosheath
ﬂow, the velocity would increase mainly in the direction perpendicular to magnetic ﬁeld (along y axis).
Figure B1 shows the diﬀerences in Vy(y), Vz(z), and |j(z)| proﬁles about 1 RE upstream of the subsolar mag-
netopause at 3 times during the DD motion through the magnetosheath. An increase in the electric current
indicates the position of the DD front in the magnetosheath. The DD front reaches the subsolar magne-
tosheath at x = 13 RE nearly at 19:35 UT (red lines). The ﬁgure reveals an increase in Vz directed upward above
and downward below the equatorial plane resulting frommagnetic reconnection at theDD front. On the con-
trary, Vy changes insigniﬁcantly when the DD propagates through the magnetosheath. This result conﬁrms
our initial assumption thatmagnetic reconnection is themainmechanism to removemagnetic ﬁeld pileup in
front of the magnetopause.
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